Introduction-The xenobiotic detoxification system, which protects the human body from external chemicals, comprises drug-metabolizing enzymes and transporters whose expressions are regulated by pregnane X receptor (PXR) and the constitutive androstane receptor (CAR). The progress made in a large number of recent studies calls for a timely review to summarize and highlight these key discoveries.
Introduction
In response to the continuous exposure to external chemicals (also known as xenobiotics), the human body has evolved a xenobiotic detoxification system to protect itself from the possible toxicity of these foreign chemicals. The xenobiotic detoxification system is mainly composed of drug-metabolizing enzymes (DMEs) and transporters. Several phases are involved in the process of xenobiotic detoxification and elimination. Phase I cytochromes P450 (CYPs) are enzymes belonging to the monooxygenase superfamily and are highly expressed in the liver and intestine and mainly function to catalyze the first step of detoxification of toxic compounds. By hydroxylation or oxidation reactions, CYPs can convert target compounds into more soluble derivatives that are suitable for excreting from
PXR and CAR in Xenobiotic Detoxification

Species Differences of PXR and CAR in Xenobiotic Detoxification
One critical problem in studying the function of PXR and CAR lies in the ligand selectivity between humans and mice because of the marked species differences in amino acid sequences in their ligand-binding domains (LBDs) [10] . For example, rifampicin and SR12813 are potent agonists for human PXR (hPXR) but not for mouse PXR (mPXR), whereas the potent mPXR agonist 5-pregnen-3β-ol-20-one-16α-carbonitrile (PCN) is a poor agonist for hPXR [9] . On the other hand, 6-(4-chlorophenyl)imidazo [2,1-b] [1, 3] thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO) is a strong agonist for human CAR (hCAR) but not mouse CAR (mCAR) [11] , while 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene,3,3′,5,5′-tetrachloro-1,4-bis(pyridyloxy)benzene (TCPOBOP) is more selective for mCAR than hCAR [12, 13] . To overcome the species differences in ligand recognition and to facilitate functional studies of human receptors in animal models, several humanized mouse models for PXR and CAR have been generated. In the first generation of hPXR or hCAR humanized mouse models, the hPXR or hCAR cDNA was controlled by either the liver-specific albumin promoter [14, 15] or the rat fatty acid-binding protein promoter [16] randomly integrated into the mouse genome where the mPXR or mCAR was deleted. The second-generation hPXR humanized mouse model was developed by using a genomic fragment containing the entire hPXR gene and its promoter randomly integrated into the mouse genome with a Pxr-null background [17] . The latest hPXR or hCAR humanized mouse model was generated through knockin strategies by expressing hPXR or hCAR under the control of its corresponding mouse promoter and a simultaneous interruption of the expression of the corresponding endogenous gene [18] . In the latest humanized mouse model, hPXR or hCAR was expressed in the predicted tissues at physiological levels. In addition, the splice variants of both human receptors were expressed [18] . These new models provided useful means to dissect the species differences of PXR and CAR and predict their roles in xenobiotic detoxification in humans. Noting the significant species differences, the following sections of this review will focus on the function of hPXR and hCAR in the human detoxification system.
Overlapping Sets of Genes Regulated by PXR and CAR in Xenobiotic Detoxification
PXR and CAR regulate overlapping sets of genes encoding phase I and II DMEs and transporters for xenobiotic detoxification and elimination ( Figure 1 ) and can also be activated by the same sets of compounds, such as phenobarbital and TCPOBOP [3] . Upon activation, both PXR and CAR bind to the promoter of its target gene as a heterodimer with retinoid X receptor (RXR). PXR and CAR regulate gene expression through the PXR responsive element (PXRRE) and the phenobarbital responsive element module (PBREM), respectively, in the promoter regions of target genes [18] . These responsive elements are composed of various repeats of the consensus motif, AG(G/T)TCA, including direct repeats (DR) separated by 3-5 nucleotides (DR3, DR4, or DR5), everted repeats (ER) separated by 6 or 8 nucleotides (ER6 or ER8), inverted repeats (IR) separated by 6 or no nucleotides (IR6 or IR0), or a novel motif named DR-(5n + 4) recently identified through the analysis of the PXR cistrome [19] .
Both hPXR and hCAR can regulate the expression of phase I CYPs, including CYP2B6 [20, 21] , CYP2C9 [22, 23] , CYP2C19 [24, 25] , CYP3A4 [26] [27] [28] , and CYP3A5 [29] . However, the contribution of CAR and PXR to the regulation of CYPs is different because of the differential preference of binding to different AG(G/T)TCA repeats. The regulation of CYP2B6 and CYP3A4 has been well studied to elucidate the overlapping but differential roles played by PXR and CAR. Whereas PXR strongly binds to the DR4, DR3, or ER6 motif in both CYP2B6 and CYP3A4 promoters [30, 31] , CAR only weakly binds to the CYP3A4 proximal ER6 motif but strongly binds to the imperfect DR4 motif in the PBREM of the CYP2B6 gene [31, 32] , leading to CAR's selectivity for CYP2B6 over CYP3A4 in humans. Accordingly, a model highlighting the asymmetrical cross-regulation of CYP2B6 and CYP3A4 by hCAR has been proposed [30, 31, 33] . Genes whose expression is dually regulated by both PXR and CAR continue to be identified. Most recently, the expression of DHCR24, a gene encoding human 24-dehydrocholesterol reductase that catalyzes the last step of cholesterol biosynthesis, was identified as a target gene dually regulated by both hPXR and hCAR through a DR4 motif in its distal promoter region [34] .
UGT1A1 is the only phase II enzyme whose expression was reported to be dually regulated by hPXR and hCAR. UGT1A1 was initially identified as a CAR target gene when CAR is activated by phenobarbital [35] . Subsequent studies using a humanized PXR mouse model and human cell lines further indicated that hPXR also regulates UGT1A1 expression [25, 36] . GST, another phase II conjugation enzyme, can be induced modestly by rifampicin [37] , as well as by phenobarbital [38] and TCPOBOP [39] , suggesting that PXR and CAR might regulate the expression of GSTs. Murine GST genes such as Gsta1, Gstm1, and Gstm2 have been shown to be regulated by both mPXR and mCAR [16, 40] . A recent bioinformatic analysis indicated that human GSTM1 and MGST2 contain an ER6 motif, suggesting these two human GST genes might be regulated by hPXR and hCAR [41] .
PXR and CAR also regulate the expression of human drug transporters, such as multidrug resistance protein 1 [MDR1; also known as P-glycoprotein (P-gp) or ABCB1], and multidrug resistance protein 2 (MRP2; also known as ABCC2). Earlier studies showed that agonists of PXR or CAR, such as rifampicin or phenobarbital, can upregulate MDR1 expression in human liver and colon cells [42] [43] [44] . A recent study showed that the regulation of MDR1 expression by PXR and CAR also occurs at the human blood-brain barrier [45] .
The DR4 motif in the human MDR1 promoter is responsible for its transcriptional regulation by PXR and CAR [46] . Similarly, rifampicin and phenobarbital, the agonists for PXR and CAR, respectively, induce increased mRNA levels of MRP2 in human small intestine cells and human primary hepatocytes [43, 44, 47, 48] . The transcriptional regulation of MRP2 by PXR and CAR is mediated through an ER8 motif in the 5′-flanking region of the MRP2 gene [48] . Other human transporters, such as bile salt export pump and sodium taurocholate cotransporting polypeptide, are also reported to be upregulated by rifampicin and phenobarbital [44] , suggesting possible roles of PXR and CAR in regulating the expression of these transporters..
Distinctive Sets of Genes Regulated by PXR and CAR in Xenobiotic Detoxification
PXR and CAR also regulate distinctive sets of genes ( Figure 1 ). For phase I CYPs, the genes encoding CYP7A1 and CYP4F12 are regulated by PXR. Early studies with a PXR knockout mouse model identified PXR's contribution to the detoxification process of bile acids by controlling the expression of CYP7A1 [49] , a rate-limiting enzyme in bile-acid biosynthesis [50] . Subsequent studies with human hepatocytes confirmed the negative regulation of CYP7A1 expression by PXR. The negative regulation of CYP7A1 gene expression by PXR is achieved by disrupting the interaction between hepatic nuclear factor 4α (HNF4α; also known as NR2A1) and peroxisome proliferator-activated receptor gamma coactivator (PGC-1), which is required for the activation of CYP7A1 gene expression. Rifampicin is required for PXR to interact with HNF4α and PGC-1, leading to reduced interaction between HNF4α and PGC-1 and reduced gene expression of CYP7A1 [51] . CYP4F12 is an enzyme mainly responsible for the metabolism of antihistaminic compounds [52] . A recent study found that PXR regulates the expression of CYP4F12 by binding to the PXRRE in the CYP4F12 gene in a rifampicin-inducible manner in human hepatocytes [53] .
The phase I CYPs regulated by CAR are CYP1A1 and CYP1A2, whose expression is increased by phenobarbital treatment. A recent study showed that CAR induces the expression of CYP1A1 and CYP1A2 in human hepatocytes through an ER8 motif in their proximal promoter sequences [54] .
For phase II enzymes, rifampicin-activated PXR was reported to suppress SULT2A1 expression by interfering with the function of HNF4α in human HepG2 cells [55] . A recent study showed that the expression of UGT1A6 was induced with rifampicin treatment in human liver and intestinal precision-cut slices [44, 56] . Whether SULT2A1 and UGT1A6 are direct PXR target genes remains to be validated. Mouse CAR has been shown to regulate the expression of multiple murine UGTs and SULTs [57] . However, whether hCAR can regulate a similar set of genes for phase II enzymes in humans remains unclear, and further evaluation is needed.
Organic anion-transporting polypeptide 1A2 (OATP1A2), a transporter responsible for the uptake of a broad spectrum of substrates [58] , was recently identified as a PXR target gene in human breast tissue and cancer [59] . A DR4 motif located 5.7 kb upstream of the transcription initiation site in the human OATP1A2 promoter was identified and confirmed to be a PXR binding site by using chromatin immunoprecipitation. Although activated CAR was found to increase OATP1A2 promoter activity in HepG2 cells, CAR failed to induce OATP1A2 expression in breast cancer cells [59] , suggesting that the OATP1A2 is transcriptional target of PXR but not CAR in breast cancers, and tissue selectivity may play a role here. Interestingly, phenobarbital increased but rifampicin decreased the expression of OATP1B3 in human liver cells [59] . Whether OATP1B3 is a CAR target gene has yet to be elucidated.
PXR and CAR in Drug-Drug Interactions
PXR and CAR regulate gene expression and play major roles in the detoxification of xenobiotics. However, the fact that PXR and CAR induce the expression of CYP3A4, 2B6, 2C9, and 2C19, which are responsible for metabolizing more than 80% of prescription drugs, suggests that the activation of PXR and CAR can lead to undesirable drug-drug interactions (DDIs) [60] [61], cause adverse drug reactions, and contribute to clinical mortality and morbidity.
PXR and CAR contribute to DDIs by increasing drug toxicity and by decreasing therapeutic efficacy. For example, a dual PXR and CAR activator, the antiepileptic drug phenobarbital, can cause acetaminophen-induced hepatotoxicity in a mouse model [15] . Another study showed that pretreatment with the mPXR activator PCN significantly enhanced acetaminophen-induced hepatotoxicity in mice [62] . The PXR-and CAR-mediated hepatotoxicity was linked to the induction of CYP3A and the resulting conversion of acetaminophen to its toxic intermediate metabolite, N-acetyl-p-benzoquinoneimine. Activation of PXR and CAR may also lead to decreased drug efficacy. Phenytoin and carbamazepine, two common antiepileptic drugs, are well-characterized human CAR activators [63, 64] . Combined administration of phenytoin and carbamazepine with other drugs that are metabolized by the CAR-induced CYPs can decrease the drug efficacy or potentiate the toxic effects of these drugs in many clinical applications [65, 66] . Rifampicin and hyperforin, an active component in St. John's wort, are strong agonists of hPXR. Numerous studies have shown that rifampicin and hyperforin can induce CYP3A expression, resulting in increased clearance and reduced efficacy of many therapeutic drugs during combination therapy, such as anti-HIV protease inhibitors, antihypertensive drugs, and cholesterol-lowering drugs [67, 68] . Furthermore, since PXR can be activated by many anticancer drugs, recent studies support the notion that activation of PXR may compromise the effectiveness of anticancer drugs and contribute to acquired resistance and multi-drug resistance during anticancer chemotherapy [69] .
Significant efforts have been made to tackle the PXR-and CAR-mediated DDIs in drug development and clinical therapy. One approach is to identify the potential of lead compounds to activate PXR or CAR during early drug development and chemically modify the drug candidates to minimize their activation of PXR and CAR without compromising their target activity. One such example was shown in a recent study in which the strong PXR transactivation of first-generation IGF-1R inhibitors was minimized by chemical modifications without compromising their IGF-1R inhibition [70] . However, many marketed drugs with PXR and CAR agonistic activity are still in clinical use. In addition, due to the receptors' ligand promiscuity, minimizing the lead compounds' potential to activate PXR and CAR requires tremendous chemistry efforts. Such chemical efforts might also alter the pharmacologic profiles of the lead compounds. In light of these considerations, an alternative approach is to discover and develop novel compounds that function as antagonists of PXR or CAR and use them as co-therapy to minimize drug-induced PXR or CAR activation [69, 71, 72] . Recent studies showed that the effectiveness of drugs can be enhanced by antagonizing the inducible activity of PXR with several pharmacologic interventions, such as ecteinascidin-743 [73] , ketoconazole [74] , FLB-12 [72] , sulforaphane [75] , A-792611 [76] , and coumestrol [77] . Several CAR antagonists or inverse agonists have also been discovered, including meclizine [78] , clotrimazole [12] , and PK11195 [79] . However, a recent study indicated that meclizine is an hPXR agonist but not an hCAR antagonist or inverse agonist in human hepatocytes [80] . So far, compounds with dual antagonistic effect against both PXR and CAR have not been reported.
Regulation of PXR and CAR Activity
Subcellular Localization and Protein-Protein Interaction
The subcellular localization of PXR to date has been unclear because of the discrepant observation between human and mouse systems. Human PXR appears to be mainly localized in the nucleus, unlike steroid receptors, whose activation involves ligand binding and subsequent cytosol-to-nucleus translocation [81] . As such, PXR is believed to act as a gene silencer in resting states through binding with corepressors such as the silencing mediator of retinoid and thyroid receptors (SMRT) and the nuclear receptor corepressor (NcoR) (Figure 2 ). These co-repressors can recruit histone deacetylases, thereby stabilizing chromatin and repressing transcription. Ligand binding to PXR in turn results in the dissociation of corepressors and the subsequent association of coactivators, such as steroid receptor coactivator-1 (SRC-1, or NCOA1), SRC-2 (also known as GRIP1), nuclear receptor interacting protein 1 (NRIP1), PGC-1, and forkhead transcription receptor (FHKR/FOXO1) [82] . Structure-based analysis has shown that coactivator binding further promotes the interaction between PXR and its ligand [83] . Recently, PXR was shown to interact with protein arginine methyltransferase 1 (PRMT1), an interaction required for PXR to exert its transcriptional activity [84] . The ligand-induced interaction between PXR and PRMT1 is associated with the concomitant methylation of arginine 3 of histone H4 [84] .
On the other hand, in vivo studies involving mPXR show a different PXR subcellular localization pattern. Ligand activation of mPXR indeed shows cytoplasmic-to-nuclear translocation in this in vivo system. Mouse PXR was reported to exhibit cytoplasmic localization in resting mouse liver, and upon treatment with PCN, an agonist against mPXR, it shuttles to the nucleus [85] . Cytoplasmic mPXR is found in a complex with Hsp90 and cytoplasmic constitutive active/androstane receptor retention protein (CCRP) [85] . Further studies revealed two putative motifs within mPXR, a nuclear localization signal (NLS) sequence within the DNA-binding domain (DBD) and a xenochemical response signal (XRS) within the LBD, that drive mPXR to the nucleus [86] . However, the overexpression of CCRP does not seem to alter the subcellular localization of hPXR, which remained predominantly localized in the nucleus [81] .
The activation of CAR is unique in that there are two mechanisms by which CAR can be activated: direct ligand binding and indirect activation [87] . TCPOBOP was the first selective and potent agonist of mCAR to be described that activates CAR through direct binding to its LBD and the subsequent recruitment of coactivators [13] . The indirect route of CAR activation involves the nuclear translocation of CAR independent of direct ligand binding. Phenobarbital and bilirubin have been shown to activate CAR by driving it into the nucleus without directly binding to the LBD of CAR [88] . In addition, TCPOBOP also drives the nuclear translocation and activation of hCAR without directly binding to the receptor [89] . Similar to PXR, once in the nucleus, CAR recruits coactivators such as PGC-1, SRC-1, and GRIP1 to drive gene transcription [90] .
Similar to mPXR, cytoplasmic retention of CAR is modulated by the formation of a complex with CCRP and Hsp90 [91] . However, distinct from mPXR, nuclear accumulation of CAR is driven solely by the XRS, since a single amino acid change within the NLS of CAR abolishes the function of this domain [89] . This would explain a weaker nuclear localization of CAR than with mPXR, which contains 2 functional domains to drive its nuclear localization. A recent study describing a direct interaction between CAR and the membrane-bound PPP1R16A suggested that a subset of CAR exhibits plasma membrane localization [92] .
Post-translational Regulation
PXR activity is also intricately regulated by phosphorylation, although phosphorylation of PXR is mostly correlated with an inhibitory effect (Figure 2 ) [93] . Treatment of primary rat and human hepatocytes with protein kinase A (PKA) activator leads to the attenuation of Cyp3A1 (rat orthologue of human CYP3A4) and CYP3A4 mRNA levels, respectively. This can be attributed, in part, to the phosphorylation of PXR by PKA [94, 95] . However, a similar treatment of mouse hepatocytes resulted in an increase in Cyp3a11 (mouse orthologue of human CYP3A4) mRNA levels, suggesting species specificity also exist in the regulation of PXR activity by phosphorylation [96] .
PXR may also be subjected to phosphorylation by other kinases. In vitro kinase assays with a panel of kinases including protein kinase C [94] , 70 kDa ribosomal S6 kinase, glycogen synthase kinase 3, and casein kinase II [95] showed that PXR can be phosphorylated by these kinases in vitro. A systematic approach to mutating serine/threonine residues to aspartic acid revealed that Ser8Asp, Thr57Asp, Ser208Asp, and Thr408Asp resulted in a decrease in PXR transactivation [96] . Work by Pondugula et al. [97] further revealed that the phosphomimetic mutant of PXR, Thr57Asp, also had an altered pattern of subcellular localization. In separate reports by Dong et al. and Lin et al. [98, 99] , cyclin-dependent kinase 5 (Cdk5) and Cdk2 were identified as potential kinases that can phosphorylate and inhibit PXR. Findings from these reports suggest that PXR is also regulated by the cell cycle. In all, phosphorylation exerts a negative effect on PXR, in part by altering its pattern of subcellular localization or affecting its interaction with corepressors or coactivators. However, to this end, in vivo phosphorylation of PXR remains undetectable.
The stability of PXR is tightly regulated, although little is known about the mechanism behind its regulation (Figure 2) . A semi-quantitative approach determined the half-life of unliganded PXR to be less than 4 hours [100] . Binding of PXR to endocrine-disrupting chemicals increased its half-life, in part due to the disruption of its interaction with suppressor for GAL1, a component of the proteasome [100, 101] . Recent work from Staudinger and colleagues [102] revealed an increase in ubiquitinated PXR after the inhibition of the 26S proteasome with a pharmacologic proteasomal inhibitor, MG132. Proteasomal inhibition also resulted in the inhibition of PXR transactivation, which suggests an interplay between PXR and the ubiquitin pathway [102] . However, it is noteworthy that many coregulators of PXR are also subject to regulation through the proteasomal pathway [103] . More work will need to be done to study PXR's modulation through ubiquitination.
Other post-translational modifications of PXR involve SUMOylation and lysine acetylation. Similar to ubiquitination, SUMOylation involves the covalent addition of small ubiquitinlike modifier (SUMO) moieties onto its target protein. SUMO modifications on proteins lead to several fates, including nuclear-cytosolic translocation, modulation of protein stability and transcriptional regulation. Ligand-bound SUMOylation of PXR, which occurs mainly through SUMO 2/3 chains, is attenuated by the inflammatory response in the liver [102] . Acetylation of PXR has only recently been found to modulate its activity, and ligandinduced deacetylation of PXR was shown to be modulated by SIRT1 [104] .
Similar to PXR, CAR activity is also regulated by phosphorylation. The phosphatase inhibitor okadaic acid prevents nuclear translocation of CAR and blocks phenobarbitalinduced gene activation in rodents. Similarly, the overexpression of protein phosphatase 2A (PP2A) enhances TCPOBOP-induced mCAR nuclear translocation in hepatoma cells [87] . Further studies identified Ser202 within the LBD to be the site of phosphorylation [105] . Mutation of Ser202 to Asp abolished its response to phenobarbital and retained CAR in the cytoplasm. In addition, the CAR-Hsp90 complex recruits PP2A after treatment with phenobarbital, suggesting that PP2A is responsible for dephosphorylating Ser202 of CAR [106] . However, the kinases that phosphorylate CAR remain elusive.
Recent evidence also suggests a crosstalk between CAR activation and epidermal growth factor (EGF) receptor, extracellular signal-related kinase (ERK), and adenosine monophosphate-activated protein kinase (AMPK) signaling pathways. EGF was shown to repress phenobarbital-dependent activation of CAR, and the mitogen-activated protein kinase kinase inhibitor U0126 increases phenobarbital-dependent induction of CYP2B in primary rat hepatocytes [107] . Studies using AMPK knockout mice showed that AMPK may be involved in the activation of CAR in the nucleus [108] . Further studies revealed that phenobarbital targets the LKB1 gene to activate AMPK, suggesting that this could be the pathway leading to CAR activation, independent of binding to the LBD of CAR. It remains to be shown whether AMPK or ERK can phosphorylate and modulate CAR's activity.
Unlike PXR, little has been studied on other post-translational modifications of CAR, such as ubiquitination and acetylation. To date, only Ser202 has been found to be phosphorylated, which results in the nuclear translocation of CAR, as described above. Based on CAR's similarity to PXR and vitamin D receptor (VDR), both of which undergo ubiquitination, it is possible that CAR is also subject to ubiquitination. More efforts will be needed to explore the post-translational regulation on CAR.
Structural Basis of PXR and CAR on Ligand Binding
PXR and CAR are modular proteins, sharing common structural features that are characteristic of NRs [109] . A conserved N-terminal DBD encompasses zinc-finger motifs that bind to distinct target genes at the hormone response elements. The LBD is connected to the DBD through a hinge region, which is an important element for the function of NRs [110] . The LBDs of PXR and CAR include large, flexible binding pockets with broad specificity for ligands, and they are involved in the interactions of these NRs with coregulatory proteins and heterodimerization with RXR.
Several crystal structures of the LBD have been reported, which depict a compact α-helix sandwich fold (Figure 3 ). The LBD of PXR consists of three sets of α-helices: α1/α3, α4/ α5/α8/α9, and α7/α10. In addition, a layer of five stranded anti-parallel β-sheets includes two novel β-strands (β1 and β1′) not observed in other NRs. PXR contains an insert of approximately 60 amino acids between helices α1 and α3, which contribute to the formation of β1, β1′, and the novel helix α2 [111] . The CAR LBD comprises three β-strands and 11 α-helices [112, 113] . Moreover, two 3 10 helices (α2 and α2′) were observed as rigid regions that can contribute to the hydrophobic character of the binding pocket, and it was speculated that they may contribute to the formation of a gate for ligand access [114] .
PXR and CAR interact with coactivators such as SRC-1 and corepressors like SMRT through the ligand-dependent activating function 2 (AF-2) helix within the LBD, which recognizes the Leu-Xxx-Xxx-Leu-Leu motifs (Xxx = any other amino acid) in coactivators and the sequence Ile/Leu-Xxx-Xxx-Ile/Val-Ile in corepressors [90] . The interaction of the agonist with the LBD leads to the exposure of a hydrophobic surface for coactivator binding, which in turn is stabilized by a "charge clamp." Based on crystal structures, the SRC-1 peptide appeared to be buried in a groove on the surface of the PXR LBD composed of AF-2, α3, and α4 [115] . Crystal structure analyses of the CAR LBD have uncovered key elements of the constitutive nature of CAR. A prominent feature is the short and rigid AF-2 helix, which lacks the C-terminal extension present in other NRs [112] [113] [114] . This allows for the interaction between the free carboxylate and Lys195 (hCAR), leading to further stabilization of the active AF-2 conformation. A short "helix x" replaces the extended loop linking α10 and AF-2. The helix x is composed of only 4-6 residues (depending on the species), with a single amino acid separating it from the AF-2 helix, thereby restricting and favoring the AF-2 in the active orientation. However, it was argued that helix x might not be a major contributor to the basal activity level, because other NRs have a comparable helix without being constitutively active [116] .
RXR forms complexes with several other NRs, including PXR and CAR. Association with RXR increases the affinity of CAR for ligands and coactivators [112] . The CAR-RXR structure indicates the involvement of helices α7, α9, and α10 and the loop connecting α8 and α9 [112, 113] . A hydrophobic region was notably observed, surrounded by polar contacts. It was suggested that the large heterodimerization surface may contribute to the constitutive nature of CAR by stabilizing the active conformation [117] . Although there are similarities in the secondary structure of RXRα in the CAR/RXRα and the PPARγ/RXRα complexes, differences were discerned at the dimer interface [112, 113, 118] . The AF-2 helix for both CAR and RXRα were seen in their active orientation, with the latter being further stabilized by the interaction of its C-terminus extension with the CAR LBD [113] .
Biochemical and crystallographic evidence indicates that PXR homodimerizes where the terminal β1′ strands from each monomer interlock to form the dimer interface [119] . Corresponding Trp223 and Tyr225 residues intertwine to form a novel tryptophan zipper, and a network of six intermolecular hydrogen bonds provides added stability to the interface. A Trp223Ala-Tyr225Ala double mutant prevents homodimerization without affecting protein folding while retaining the ability to bind ligands and DNA. As the mutants exhibited a marked reduction in CYP3A4 induction in response to PXR agonists SR12813 and rifampicin, it was postulated that coactivator recruitment was disrupted. The homodimerization mode of PXR may represent a distinct dimeric organization not observed in other NRs [120] .
The LBD is depicted as a flexible and dynamic pocket. The highly promiscuous nature of PXR becomes evident by analyzing the substantially large binding cavity, with a volume of more than 1100 Å 3 [111] , which can accommodate a wide range of chemicals of varying sizes and structures. On the other hand, the LBD of CAR has a smaller volume in the range of 525 Å 3 -675 Å 3 [112] [113] [114] , which partly explains its more limited repertoire of agonists in contrast to PXR's. The ligand pocket for both NRs is formed predominantly by nonpolar residues, creating a mostly hydrophobic and uncharged cavity. Of 28 amino acids forming the PXR binding pocket, eight are polar or charged residues [111] . Approximately three quarters of the 27 residues in the CAR cavity are nonpolar [114] . In the hPXR crystal structure, a salt bridge was observed between Glu321 and Arg410 that reduced the charge effect [111] . Similarly, the charge on the Asp238 was seen to be neutralized by Arg156 in the murine CAR structure [114] . A second salt bridge in the vicinity of the hPXR binding pocket further reduces the charge environment (between Asp205 and Arg413), while the side chains of Glu225 and Lys235 in murine CAR were directed away from the pocket. Based on cell-based reporter assays using PXR mutants, the amino acid residues participating in these electrostatic interactions were believed to be involved in the basal activity of PXR [111] .
Three-dimensional structure analyses of PXR in both the apo (unliganded) and holo (liganded) forms have provided a wealth of information about the conformational changes that follow ligand binding. The first PXR LBD structure was reported as a complex with the cholesterol-lowering drug SR12813, which was discerned in three distinct positions within the cavity [111] . Subsequently, other structures involving PXR-SR12813 in complex with an SRC-1 coactivator peptide revealed a single agonist binding mode [115] . Thus, it was hypothesized that the PXR binding pocket can accommodate ligands in multiple positions, but a single active orientation is stabilized upon coactivator binding. The PXR-ligand interaction appears to be a dynamic process, leading to structural changes that might affect the interaction between PXR and its protein partners. Binding of hyperforin changes the pocket shape and increases its volume from 1294 to 1544 Å 3 . The agonists, colupulone and rifampicin, increase the thermal motion in various sections of the PXR LBD, including the AF-2 region and areas formed by β1 and β1′. The structure of CAR has been in complex with the ligands 5β-pregnanedione, CITCO [113] , and TCPOBOP [112] , which amplifies its transcriptional activity above basal levels. In the complex with hCAR, 5β-pregnanedione and CITCO were not seen to form direct contacts with the AF-2 region, which was obstructed from binding cavity by a barrier comprising the residues Phe161, Asn165, Phe234, and Tyr326 [113] . In contrast, the high potency of the mCAR agonist TCPOBOP was attributed to its ability to penetrate this barrier [112] . Androstenol represses the constitutive activity of CAR, and the 3D model of this inverse agonist bound to mCAR provides structural explanations for an interesting mode of modulating the activity of an NR that differs from traditionally viewed NR antagonists [114] . In the presence of androstenol, CAR displays α10 and α11 as two distinct helices separated by a "kink," rather than as a single continuous helix seen in the active conformation. The researchers suggested that the ligand-induced "kink" unfolds a series of events that results in the destabilization of the active conformation of the AF-2 helix [114].
Conclusion
As xenobiotic sensors, PXR and CAR play pivotal roles in xenobiotic detoxification. Different from other NRs, PXR and CAR share some unique features, including ligand promiscuity, species differences, and regulation of the expression of a large number of overlapping or distinctive sets of genes responsible for xenobiotic detoxification (Figure 1) . On one hand, these features enable PXR and CAR to physiologically exert the detoxifying function and protect the body against the toxic effect of environmental pollutants. On the other hand, PXR and CAR can also be activated pharmacologically by prescription drugs. The undesirable DDIs mediated by PXR and CAR are among the most important causes of adverse drug reactions. To deal with this "double-edged sword", several strategies have been implemented to minimize the undesirable activation of PXR and CAR in drug development and clinical therapy. Moreover, the ligand promiscuity and structural flexibility of PXR and CAR set the stage for precise control of their activation through transcriptional and posttranslational regulation. The need for both NRs and coregulators to modulate gene transcription links the regulation of PXR and CAR to a vast network of signaling pathways, and displays the complex roles that PXR and CAR play in the control of xenobiotic detoxification. Structural studies of PXR and CAR enable the understanding of the overall architecture of their LBDs, which differ in some aspects from the canonical view of the LBD seen in other NRs. The 3D models provide vital clues to the promiscuity of PXR and the constitutive nature of CAR and lay the foundation for predicting potential agonists and the development of antagonists to be used as co-therapeutics.
Expert opinion
Over the past decade, the discovery that PXR and CAR regulate the expression of genes encoding DMEs and transporters has greatly contributed to our knowledge of the mechanisms of xenobiotic detoxification and elimination. Although PXR and CAR primarily regulate the expression of the phase I DMEs CYPs, recent mouse model studies have revealed that PXR and CAR may also regulate non-CYP genes involved in phase I drug metabolism, such as CES1/2 [121] and Aldo-keto reductases [122] . While these studies potentially expand the scope of genes in phase I drug metabolism regulated by PXR and CAR, due to the species differences of PXR and CAR, future studies in a human system are needed. To continue to investigate the species differences, a recent study profiled 2816 clinically used drugs for their ability to activate hPXR and rat PXR. The results from this study further highlight the species specificity of PXR activation [123] . In addition to species specificity, in human, 3 isoforms of PXR and 15 isoforms of CAR have been identified with different molecular features, which potentially associate with distinct biological activity (reviewed in [90] ). Arecent study discovered several PXR and CAR isoform-specific ligands [124] . The discovery of PXR and CAR ligands with species and isoforms selectivity will provide valuable tools to dissect their differential roles in the detoxification system. Similar to their roles in regulating xenobiotic detoxification, PXR and CAR also play critical roles in endobiotic metabolism governing the homeostasis of endogenous substances (reviewed in [125] ), suggesting that PXR and CAR can be potential therapeutic targets for diseases such as hepatic steatosis, bone disorders, inflammatory bowel disease, and cancer [126] . We expect to see more efforts to establish PXR and CAR as disease-related therapeutic targets, thus expanding their classical roles as master xenobiotic sensors. Indeed, their roles as master xenobiotic sensors actually increase their significance as potential therapeutic targets.
Apart from post-translational regulation, PXR and CAR are also subject to transcriptional and post-transcriptional regulation. The expression of PXR and CAR is tissue-specific and is regulated by other NRs, including HNF-4α [127] , glucocorticoid receptor [128] and farnesoid X receptor [129] . The expression of PXR is also regulated by methylation [130, 131] , and by miRNA [132] . Little is known of the regulation of CAR expression by methylation and miRNA. The levels of PXR and CAR directly contribute to their activity. Since transcriptional, post-transcriptional, and post-translational regulation of PXR and CAR all contribute to their activity levels and these regulations can be affected by signaling pathways induced by xenobiotics, we expect to see more studies that systematically investigate the activation of PXR and CAR in response to xenobiotics at multiple levels.
There is considerable interest in the prediction of potential PXR or CAR activators early in the drug discovery process to filter out compounds that can potentially lead to DDIs [133] . The existing LBD crystal structures of both NRs start to shed light on the mechanisms that govern ligand binding and NR activation, and the increasing collection of available x-ray structures with structurally diverse ligands will facilitate the refining of in silico approaches. However, considerable roadblocks still exist, taking into account the dynamic and promiscuous nature of the ligand-binding pocket of these two NRs. The ligand-binding cavity of PXR can adjust its volume to accommodate compounds of different sizes, and docking molecules to proteins whose pocket can "breathe" will remain a major challenge. Moreover, ligands have been shown to bind in multiple orientations, such as the case of SR12813 in PXR [111] and CITCO in CAR [113] .
A great majority of the structural studies covering members of the NR family involve either the LBD or DBD as isolated domains, but investigations encompassing full-length proteins are lacking. Structural information on intact NRs is slowly emerging, providing glimpses into the complex network among ligands, DNA, and interacting proteins. The first crystal structure of an intact NR was reported for the PPARγ/RXRα duplex, which allows the visualization of the interactions among domains [134] . The structure of the RXR/VDR/DNA complex revealed by cryo-electron microscopy underscores the hinge region as an important element in NR function [135] , regulating the orientation of the LBD relative to the DNA. Structural studies of full-length VDR/RXR by hydrogen-deuterium exchange mass spectrometry revealed a long-range allosteric effect involving DNA/ligand binding and coactivator interaction with the NR complex [136] . The valuable information obtained from these crystal and solution-based structures reveal an intricate inter-and intra-domain communication, and the role of NRs as scaffold proteins can be altered by the binding of ligands, DNA, and interacting proteins [110] . In the same manner, the elucidation of the intact PXR and CAR structures may expose novel domain-domain interactions, especially considering that they both have unique structural features in the LBD that are not observed in other NRs.
Although current knowledge is based on the most common isoforms of PXR and CAR, it is noteworthy that studies on the other isoforms from the structural point of view have been overlooked. The constitutive activity of CAR and its ligand-mediated activity vary across isoforms. Differential activation of PXR between isoforms has also been noted. Structural investigations might also provide valuable insights into the basis for species-dependent ligand preference, which is necessary to understand drug-drug interactions in animals that need to be extrapolated to humans. We anticipate seeing more efforts to investigate the structures of full-length NRs, including those for various isoforms of PXR and CAR. Improved protein expression and purification techniques and approaches will greatly facilitate these efforts. Overlapping and distinctive sets of genes regulated by PXR and CAR in xenobiotic detoxification. Upon activation by xenobiotics, PXR and CAR regulate gene expression through PXR responsive element (PXRRE) and the phenobarbital responsive element module (PBREM) in the promoter regions of target genes encoding phase I and II drugmetabolizing enzymes and drug transporters. "?" indicates genes predicted to be regulated by hPXR and hCAR. "*" indicates genes indentified from rodent experiments that need further validation in human system. The activity of PXR and CAR is regulated by multiple cellular modulators and cellular processes at multiple levels. Standard arrows indicate an activating effect, and blunt arrows indicate an inhibitory effect. Crystal structure of the hCAR LBD (PDB code 1XV9) and hPXR LBD (PDB code 1ILH). The LBD of PXR (dark blue) and CAR (light blue) were aligned, displaying their respective AF-2 region (pink) and coactivator SRC-1 peptide (green). The β1 and β1′ strands unique in PXR are shown in yellow, and the helix x (H-x) seen in the CAR structure is depicted in red. The complex of CAR LBD with the RXRα LBD (salmon) illustrates a large dimerization interface.
